Ovarian cancer with the highest mortality rate among gynecological malignancies is one of common cancers among female cancer patients. As reported in recent years, AEG-1 was associated with the occurrence, development, and metastasis of ovarian cancer, but the mechanisms remain unclear. In the current study, invasion capabilities of ovarian cancer OVCAR3 cells were measured by viral infection and transwell assay. Western blot analysis was used to evaluate the expression levels of β-catenin, E-cadherin, MMP2, and MMP9. With qRT-PCR analysis, AEG-1 and HIF-1α gene expression were detected. We used luciferase reporter gene to measure AEG-1 promoter activity under normoxia/ hypoxia in OVCAR3 cells. Our work demonstrated that AEG-1 significantly enhanced invasion capabilities of OVCAR3 cells and the expression levels of β-catenin, E-cadherin, MMP2, and MMP9 associated with invasion capabilities of OVCAR3 cells were upregulated. Furthermore, hypoxia enhanced invasion capabilities of OVCAR3 cells and induced AEG-1 high gene expression, which was reversed by AEG-1 knockdown lentivirus. HIF-1α expression upregulation was induced in OVCAR3 cells after hypoxia. HIF-1α knockdown lentivirus induced downregulated expression of AEG-1 and invasion capabilities of OVCAR3 cells were also inhibited. Wild-type AEG-1 promoter activity under hypoxic conditions was significantly higher than that AEG-1 mutation under normoxic conditions in the absence of hypoxia response. Our results suggested that HIF-1α binds to AEG-1 promoter to upregulate its expression, which was correlated with metastasis in ovarian cancer by inducing the expression of MMP2 and MMP9 as well as inhibiting expression of E-cadherin and β-catenin.
Introduction
Ovarian cancer is one of common malignancy of the female genital tract worldwide. The incidence rate of ovarian cancer among female cancer patients was about 4% and ranked third, being only second to cervical cancer and endometrial cancer. Clinical ovarian cancer mortality ranks first in all gynecological tumors. The 5-year relative survival rate for ovarian cancer was only 30-40% [1, 2] . This is in part due to the metastasis of ovarian cancer with most women presenting at a late stage. Although early-stage ovarian cancer can be successfully treated, the disease is commonly detected at advanced stages with extensive local and systemic spread and poor survival.
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HIF-1α binding to AEG-1 promoter induced upregulated AEG-1 expression associated with metastasis in ovarian cancer
Therefore, the discovery of novel therapeutic targets is important in the battle against ovarian cancer.
Current biomarker candidates have had insufficient performance to improve early detection efforts [3] [4] [5] , and early detection strategies have not been shown to reduce mortality [6, 7] . Recent genomic analyses of many human cancers have revealed that a significant number of tumors have alterations in a few core pathways [8] , identifying and characterizing these core pathways provides a foundation for diagnostic and therapeutic development.
Astrocyte-elevated gene-1 (AEG-1) was discovered as a novel protein induced by human immunodeficiency virus-1 or tumor necrosis factor-α in primary human fetal astrocytes [9] [10] [11] . Furthermore, AEG-1 was found as a multifunctional oncoprotein. Upregulation of AEG-1, which was associated with the occurrence, development, and metastasis of several cancers [12] [13] [14] [15] , was recognized in breast cancer, glioma, and prostate cancer [16] [17] [18] . AEG-1 was overexpressed in tumor and almost not expressed in normal tissues [19, 20] . As a downstream target of HaRas, AEG-1 played an essential role in promoting tumorigenesis, invasion, metastasis, and angiogenesis [21] . Serum starvation-induced cell death was blocked by AEG-1 overexpression and this inhibition was mediated through PI3K-Akt signaling pathways [16, [21] [22] [23] . Overexpression of AEG-1 promoted tumorigenesis and progression by activating ERK, Akt, and p38 MAPK pathways in hepatocellular carcinoma [24] . AEG-1 can regulate cancer invasion through upregulation of matrix metalloproteinase-9 (MMP9), matrix metalloproteinase-2 (MMP2), and activation of NF-κB signaling pathway [13, 16, [25] [26] [27] . Most solid tumors developed regions of hypoxia as they grew and outstrip their blood supply. Hypoxia-inducible factor 1α (HIF-1α) is the master regulator of cell response to hypoxia since it leads to the expression of several genes involved in adaptation to decreased oxygen availability [28] . Regulation of HIF-1α in cells occurred as a result of which cells could adapt to hypoxic environment.
As reported recently, AEG-1 expression increased in ovarian cancer and was associated with metastasis [29] , however, the exact mechanism is still unclear. In our study, hypoxia response element (HRE) was found in AEG-1 promoter region which could be bound to HIF-1α [30] . Therefore, we are intended to explore the relationship between AEG-1 and HIF-1α involved in metastasis of ovarian cancer in the current study.
Materials and Methods
Cell culture
Ovarian carcinoma cell line (OVCAR3) was purchased from the Cell Bank of Chinese Academy of Science (Shanghai, China). The cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum both from Gibco-Invitrogen (Grand Island, NY) and 1% penicillin and streptomycin (Sigma, St. Louis, MO). Cells were maintained at 37°C in a humidified atmosphere consisting of either 5% CO 2 and 95% air or 1% CO 2 and 99% air.
Lentivirus and lentivirus infection
AEG-1 and HIF-1α overexpression lentivirus and knockdown lentivirus were purchased from Shanghai R&S Biotechnology Co., Ltd.
OVCAR3 cells were seeded into 3.5 cm dishes (1 × 10 6 cells/dish) 1 day before lentivirus infection. The next day, lentivirus was added into dishes with a multiplicity of infection (MOI) of 4 to infect cells. The infection efficiency was detected by fluorescence microscopy analysis of GFP at 48 h after infection and the efficiency was ensured higher than 90%.
RNA extraction and quantitative real-time PCR
Total RNA was extracted from cell lines or frozen tissues using trizol reagent and miRNeasy mini kit (Invitrogen). The qRT-PCR reactions were performed using SYBR Green I Master Mix (CoWin Biosciences, China) according to the manufacturer's instructions. And iQ-5 (Bio-Rad) was used to monitor the PCR in real-time. Primers for E-cadherin, β-catenin, MMP-2, MMP-9, and GAPDH were designed using Primer Bank. The average Ct, from triplicate assays, was used for further calculations. Relative expression levels were normalized to control. The endogenous U6 snRNA was chosen as the internal control.
Western blot analysis
Total proteins of cells were extracted according to the protocol of protein extraction kit (KeyGen, China), and the protein concentration of each sample was determined using the bicinchoninic acid protein assay kit (Pierce Biotechnology, Rockford, IL). Equivalent quantities of protein were separated by 12% SDS polyacrylamide gels and transferred to nitrocellulose membranes. Membranes were blocked with 10% defatted milk (10% BSA for p-protein) and then incubated with the appropriate primary antibody overnight at 4°C. They were next washed and incubated with the corresponding horseradish peroxidase (HRP)-conjugated secondary antibody for 1 h. Bound secondary antibody was visualized using an enhanced chemiluminescence (ECL) system (Pierce Biotechnology). The primary antibodies used were anti-GAPDH ( 
Invasion assay in vitro
Transwell invasion experiments were performed with 24-well matrigel-coated chambers from BD Biosciences (Bedford, MA). OVCAR3 cells infected with lentivirus were seeded into the upper chambers at the density of 5 × 10 4 cells in 200 μL serum-free RPMI 1640 medium. The lower chambers were filled with 500 μL RPMI 1640 medium containing 10% FBS. After 24 h of incubation, noninvading cells on the top of the membrane were removed by scraping. Invaded cells on the bottom of the membrane were fixed with 100% methanol for 2 min, followed by staining with 0.05% crystal violet. The invaded cells on the membrane were then counted under a microscope. The invaded cells were collected and lysed in 500 μL lysis buffer (Bedford). Then, absorbance (OD, optical density) of invaded cell lysates was read at 570 nm. Invasion studies were repeated three times.
Luciferase assay
OVCAR3 cells were seeded at a density of 1 × 10 5 cells/ well into 24-well culture plates (Corning) in RPMI 1640 medium containing 10% FBS without antibiotics. After 24 h, the cells were cotransfected with AEG-1 promoter or AEG-1 promoter mutation in the absence of hypoxia-response element (HRE), firefly luciferase reporter plasmid, and Renilla luciferase plasmid according to the manufacturer's instructions. Cells were incubated for 24 h under hypoxia condition, and using normoxia condition as a control group. Then, cell lysates were prepared and luciferase activities were measured using the dual-luciferase reporter assay system (Promega, Madison, WI). Firefly luciferase activity was normalized to the activity of Renilla luciferase.
Data analysis
Results are presented as mean ± standard deviation (SD) of three samples. Significant differences in the mean values were evaluated by Student's unpaired t-test. Places needing multiple comparisons were evaluated by one-way ANOVA with Bonferroni correction. P-value of 0.05 or less was considered to be statistically significant.
Results
AEG-1 enhanced invasion capability of OVCAR3 cells
To investigate the effect of AEG-1 upregulation invasion of OVCAR3 cells, we performed transwell assay and measured the levels of E-cadherin, β-catenin, MMP2, and MMP9 associated with cancer invasion and metastasis [30, 31] . Expression of AEG-1 in OVCAR3 cells infected with AEG-1 overexpression lentivirus was significantly increased (Fig. 1A) . Figure 2B showed the changes of invasion capacity of OVCAR3 cells. OVCAR3 cells infected with AEG-1 overexpression lentivirus showed significantly increased invasion capability compared with negative control lentivirus infected-OVCAR3 cells (P < 0.01). As shown in Figure 1C , the protein expressions of MMP2 and MMP9, the two important molecules involved in tumor invasion [31, 32] in AEG-1 over expression group, were significantly increased, while expressions of E-cadherin and β-catenin, important regulatory markers for epithelial-mesenchymal transition (EMT) recognized crucial event in invasion and metastasis [32] , considerably decreased compared with negative control group.
Hypoxia affected the expression of AEG-1 and stimulated invasion of OVCAR3 cells
Computer-assisted analysis of biological sequences indicated that HRE consensus (5′-TACGTGCT-3′) exists in the AEG-1 promoter ( Fig. 2A) . To confirm the upregulating effects of hypoxia, we performed qPCR analysis, western blotting, and transwell assay. Expressions of AEG-1 in OVCAR3 cells after hypoxia for 24 h were significantly increased (**P < 0.01), which was in a time-dependent manner (Fig. 2B) . Expressions of AEG-1 in OVCAR3 cells infected with AEG-1 knockdown lentivirus after hypoxia for 24 h were significantly decreased (*P < 0.05) (Fig. 2C) . As shown in Figure 2D , invasion capability of OVCAR3 cells after hypoxia for 24 h was significantly upregulated (**P < 0.01) compared with that of OVCAR3 cells without hypoxia. However, invasion capability of OVCAR3 cells infected with AEG-1 knockdown lentivirus significantly decreased (*P < 0.05). The protein expressions of MMP2 and MMP9 in AEG-1 knockdown group were significantly decreased, as well as expressions of E-cadherin and β-catenin increased compared with negative control group (Fig. 2E) . However, no significant difference in protein expressions was found between OVCAR3 cells and AEG-1 knockdown ones.
HIF-1α induced expression of AEG-1
To investigate the correlation between HIF-1α and expression of AEG-1, we comparatively analyzed AEG-1 protein expression profiles in OVCAR3 cells infected with HIF-1α overexpression/knockdown lentivirus with different metastatic ability. Western blot analysis revealed that AEG-1 expression was upregulated in OVCAR3 cells infected with HIF-1α overexpression lentivirus (Fig. 3A) ,
which was reversed by knockdown HIF-1α (Fig. 3B) . The results of transwell assay showed that overexpression of HIF-1α promoted metastasis in OVCAR3 cells. Invasion capability of OVCAR3 cells infected with HIF-1α knockdown lentivirus was significantly decreased compared with normal/negative control OVCAR3 cells (* * P < 0.01) (Fig. 3C) .
HIF-1α regulates AEG-1 promoter activity
To further understand the relevance of HIF-1α and expression of AEG-1, we used luciferase reporter gene to measure AEG-1 promoter activity under normoxic/hypoxic conditions in OVCAR3 cells. Wild-type AEG-1 promoter activity under hypoxic conditions was 6.79 times higher than under normoxic conditions, which was consistent with HIF-1α. 
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Promoter activity of AEG-1 mutation in the absence of HRE under hypoxia was significantly decreased compared with wild-type AEG-1. Furthermore, there was no significant difference among AEG-1 mutation group under hypoxia, wild-type AEG-1 under normoxia, and AEG mutation under normoxia, suggesting that hypoxia contributes to AEG-1 promoter activity via HIF-1α upregulated expression (Fig. 4) .
Discussion
AEG-1 has been increasingly recognized as an oncogene and was involved in many aspects of tumorigenesis, including enhanced anchorage-independent growth, migration, angiogenesis, and protection from serum starvationinduced apoptosis [16, 23] . The role of AEG-1 in diverse cancers has been extensively studied with regard to be proangiogenic both in vitro and in vivo and can also augment expression of key angiogenesis molecules, such as angiopoietin-1 (Ang1) and MMP-2 [23] . A previous study reported higher AEG-1 expression in ovarian cancer than in normal ovarian tissue [33] . Here, we propose a mechanism of metastatic progression, in which AEG-1 level is a key regulator of ovarian cancer metastasis. In our study, we performed the infection of OVCAR3 cells with lentivirus and obtained the AEG-1 overexpressed ovarian cells. Quantitatively, the protein level of AEG-1 in AEG-1 overexpressed OVCAR3 cells is higher than negative control lentivirus-infected OVCAR3 cells (Fig. 1A) . OVCAR3 cells infected with AEG-1 overexpression lentivirus showed significantly increased invasion capability compared with negative control group (Fig. 1B) . This is consistent with our proposed mechanism in which overexpression of AEG-1 in OVCAR3 cells leads to enhanced invasion ability of ovarian cancer. However, other possible tumor metastatic promoting molecules (MMP-2, MMP-9) and repressors (E-cadherin, β-catenin) could also be involved in the regulation of ovarian cancer metastasis.
Epithelial-mesenchymal transformation (EMT), recently proved to be involved in tumor invasion and metastasis, is a critical step during embryonic development during which epithelial cells lose the cell adhesion, molecule E-cadherin, and convert into migratory cells [34] [35] [36] . MMP-2 and MMP-9 are upregulated in human ovarian carcinomas. They promote invasion, metastasis, growth, and the survival of malignant cells [37] [38] [39] . β-catenin is a main downstream effector of the canonical Wnt signaling pathway, which has a dual role in EMT [32] . Furthermore, loss of E-cadherin associated with enhanced cell invasion and metastasis has been observed in ovarian cancer during EMT [40] [41] [42] . Analysis of protein level revealed that MMP-2 and MMP-9 in AEG-1 overexpressed OVCAR3 cells was upregulated leading to higher invasion of OVCAR3 cells (Fig. 1C) . In contrast, E-cadherin and β-catenin were highly downregulated in AEG-1 overexpressed ovarian cancer cells (Fig. 1C) , thereby leading both to the loss of cell-cell adhesion and to the increased ovarian cancer invasion (Fig. 1B) .
The microenvironment of solid cancerous masses closely linked to cell proliferation, invasion, and metastasis often characterized by low oxygen and pH and insufficient nutrients because of inadequate circulation [43] . The transcription factor HIF-1α is a critical mediator of the hypoxic response and upregulates expression of proteins that promote angiogenesis, anaerobic metabolism, and many other survival pathways [44] . HIF-1α is a key cellular survival protein under hypoxia and is associated with tumor progression and metastasis in various solid tumors. HIF-1α expression allows metabolic adaptation to low oxygen availability. Inspired by these lines of evidences, we plan to test whether hypoxia, another process associated with tumorigenesis and Luciferase activities of cell lysates were measured. Firefly luciferase activity was normalized to the activity of Renilla luciferase. Data given are mean ± SD, n = 3. **P <0.01, means versus negative control. ***P <0.001, means wild-type AEG-1 group under hypoxia versus normoxia group. # means there was no significant difference among AEG-1 mutation group under hypoxia, wild-type AEG-1 and AEG-mutation group under normoxia.
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metastasis of ovarian cancers, is functionally involved in expression of AEG-1. Interestingly, we found that hypoxia could significantly induce AEG-1 expression upregulation in ovarian cancer cells in a time-dependent manner (Fig. 2B) . To further confirm that ovarian cancer metastasis is mediated by AEG-1, we generated an AEG-1 knockdown OVCAR3 cells under hypoxia. We observed the protein level of AEG-1 of AEG-1 knockdown OVCAR3 cells is notably lower than the negative control one (Fig. 2C) . And then we utilized the transwell migration assay to visualize invasion of AEG-1 knockdown OVCAR3 cells after hypoxia treatment. Our data demonstrated that invasion capability of OVCAR3 cells infected with AEG-1 knockdown lentivirus significantly decreased compared with the negative control one (Fig. 2D) . In this experiment, AEG-1 induction in ovarian cancer likely occurs through coordinated control by hypoxia-regulated gene expression, and as previously reported, AEG-1 was recently shown to induce HIF-1α as well as Tie2 and VEGF [23] , which forms a positive feedback loop. This is consistent with other reports that AEG-1 expression may allow survival and continued cell growth in the midst of diminishing oxygen and energy supplies, processes which would render cells without induced AEG-1 expression more susceptible to necrosis [45] .
With assistance of computer analysis of biological sequences, HRE was found in AEG-1 promoter region ( Fig. 2A) . Therefore, we proposed that HIF-1α would bind to HRE in the promoters of AEG-1 after hypoxia treatment and enhance AEG-1 promoter activity to induce tumor growth and migration. Our findings showed that HIF-1α activity is crucial for AEG-1 induction during the period of hypoxia. Overexpression of HIF-1α upregulated AEG-1 expression and enhanced migration of ovarian cancer cells (Fig. 3A and C) by inducing the expression of MMP2 and MMP9 as well as inhibiting the expression of E-cadherin and β-catenin. Consistently, when AEG-1 was knocked down in OVCAR3 cells, we observed a significant decrease in the protein level of AEG-1 ( Fig. 3B and C) . In addition, the results of luciferase reporter gene assay (Fig. 4) confirmed that HIF-1α binds to AEG-1 promoter and upregulated its activity under hypoxia. Therefore, AEG-1 with enhanced migration and invasion may be due to activation by HIF-1α. About 70% patients affected by epithelial ovarian carcinomas were detected at advanced stages; the lesions of these patients implant on the peritoneum all over pelvic and peritoneal cavity, especially the omentum; this feature of ovarian carcinoma leads to great difficulty in achieving the goal of optimal debulking surgery, which is one of the most important factors affecting the survivals. Even if cytoreductive surgery and platinum-based chemotherapy were implemented, the patients may still suffer from recurrence and spreading of the resurgent lesions. In these processes, the mechanism of metastasis remains unclear.
Our studies have shown that AEG-1 is closely correlated with EMT and plays an important role in the migration and invasion of ovarian cancer cells in vitro. HIF-1α binds to AEG-1 promoter and induces upregulated AEG-1 expression to enhance metastasis in ovarian cancer by increasing MMP2 and MMP9 expression as well as attenuating E-cadherin and β-catenin expression during hypoxia, which is a typical feature of tumor microenvironment. This pathway of AEG-1 induction may be a pivotal mediator of ovarian cancer and could have important implication for a potential therapeutic target as well.
In summary, our studies showed a novel pathway of HIF-1α associated AEG-1 induction, which is a protein that mediates the migration and invasion of ovarian cancer cells. These findings at least partially reveal the mechanism of metastasis in ovarian cancer and may facilitate the development of novel molecular strategies for the treatment of this tumor.
